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SUMMARY. Intestinal samples collected from 43 commercial broiler and 33 commercial turkey flocks from all regions of the
United States during 2005 and 2006 were examined for the presence of astrovirus, rotavirus, reovirus, and coronavirus by reverse
transcription-polymerase chain reaction (PCR), and for the presence of groups 1 and 2 adenovirus by PCR. Phylogenetic analysis
was performed to further characterize the viruses and to evaluate species association and geographic patterns. Astroviruses were
identified in samples from 86% of the chicken flocks and from 100% of the turkey flocks. Both chicken astrovirus and avian
nephritis virus (ANV) were identified in chicken samples, and often both viruses were detected in the same flock. Turkey astrovirus
type-2 and turkey astrovirus type-1 were found in 100% and 15.4% of the turkey flocks, respectively. In addition, 12.5% of turkey
flocks were positive for ANV. Rotaviruses were present in 46.5% of the chicken flocks tested and in 69.7% of the turkey flocks
tested. Based upon the rotavirus NSP4 gene sequence, the chicken and turkey origin rotaviruses assorted in a species-specific
manner. The turkey origin rotaviruses also assorted based upon geographical location. Reoviruses were identified in 62.8% and
45.5% of chicken and turkey flocks, respectively. Based on the reovirus S4 gene segment, the chicken and turkey origin viruses
assorted separately, and they were distinct from all previously reported avian reoviruses. Coronaviruses were detected in the
intestinal contents of chickens, but not turkeys. Adenoviruses were not detected in any chicken or turkeys flocks. Of the 76 total
chicken and turkey flocks tested, only three chicken flocks were negative for all viruses targeted by this study. Most flocks were
positive for two or more of the viruses, and overall no clear pattern of virus geographic distribution was evident. This study provides
updated enteric virus prevalence data for the United States using molecular methods, and it reinforces that enteric viruses are
widespread in poultry throughout the United States, although the clinical importance of most of these viruses remains unclear.

RESUMEN. Virus entéricos detectados por métodos moleculares en lotes de pollos comerciales y pavos en los Estados Unidos
entre 2005 y 2006.

Para determinar la presencia de astrovirus, rotavirus, reovirus, coronavirus y adenovirus (grupos Iy II); se examinaron muestras
de intestino tomadas de 43 lotes comerciales de pollos de engorde y 33 lotes de pavos de todas las regiones de Estados Unidos
durante los anos 2005 y 2006, utilizando la reaccién en cadena por la polimerasa (PCR, por su sigla en inglés). Los analisis
filogenéticos fueron hechos para caracterizar los virus y evaluar las asociaciones entre especies y los posibles patrones geograficos
existentes. Los astrovirus fueron identificados en muestras del 86% de los lotes de pollos y del 100% de los de pavos. Tanto los
astrovirus de los pollos como el virus de la nefritis aviar fueron identificados en las muestras de pollos, y a menudo los dos virus
fueron detectados en el mismo lote. Los astrovirus tipo 2 y tipo 1 fueron encontrados en el 100% y el 15.4% de los lotes de pavos,
respectivamente. Adicionalmente, 12.5% de los lotes de pavos fueron positivos para el virus de la nefritis aviar. Los rotavirus
estuvieron presentes en 46.5% de los lotes de pollos y en el 69.7% de los de pavos evaluados. Basados en la secuencia del gen NSP4
de los rotavirus, se pudo demostrar que el origen de estos virus en pollos y en pavos es especie-especifico. El origen de los rotavirus
de los pavos también correspondié a la localizacion geografica. Los reovirus fueron identificados en 62.8% y 45.5% de los lotes de
pavos y de pollos, respectivamente. Basados en el analisis del segmento S4 de los reovirus, los virus de pollos y pavos fueron
clasificados separadamente, y estos virus fueron distintos de todos los otros reovirus aviares reportados previamente. Los coronavirus
fueron detectados en el contenido intestinal de los pollos, pero no en el de los pavos. Los adenovirus no fueron detectados ni en los
lotes de pollos ni en los de pavos. Del total de 76 lotes de pollos y pavos evaluados, solamente tres lotes de pollos fueron negativos
para todos los virus evauados en este estudio. La mayoria de los lotes fueron positivos para dos o mas de los virus, y no se evidencid
un patrén claro de distribucién geogréfica. Este estudio suministra una actualizacion acerca de los datos de prevalencia de los virus
entéricos para Estados Unidos usando métodos moleculares, y refuerza el concepto de que los virus entéricos estdn distribuidos en la
avicultura a través de todo el pais, aunque la importancia clinica de la mayoria de estos virus atin permanece sin aclarar.

Key words: avian adenovirus, avian astrovirus, avian nephritis virus, avian rotavirus, avian reovirus, enteric virus, avian
coronavirus, phylogenetic analysis

Abbreviations: aa =amino acid; ANV =avian nephritis virus; CAstV = chicken astrovirus; EM = electron microscopy;
HEV = hemorrhagic enteritis virus; IBV = infectious bronchitis virus; IFA = immunofluorescence assay; nt = nucleotide;
PEC = poult enteritis complex; PEMS = poult enteritis mortality syndrome; RSS = runting stunting syndrome; PCR = polymer-
ase chain reaction; RT = reverse transcriptase; TAstV = turkey astrovirus; TCoV = turkey coronavirus

Enteric diseases cause substantial economic losses to the U.S.
poultry industry because they cause decreased weight gain, increased
morbidity, increased mortality, and increased production costs due
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to poor feed conversions. The major enteric disease complex in
turkeys is poult enteritis complex (PEC) (2,14), also known as poult
enteritis mortality syndrome (PEMS) in its more severe presentation
(1). The last severe outbreak of PEMS with high mortality was seen
in the 1990s; however, because of sporadic outbreaks of PEC, enteric
disease remains a major concern for the turkey industry. Runting-
stunting syndrome (RSS), also called malabsorption syndrome, is the
major enteric disease complex in broiler chickens. Since 2004, the
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broiler industry in the southeastern United States, and more recently
in other regions of the country, has experienced severe outbreaks of
RSS.

Numerous viruses, including astroviruses, reoviruses, rotaviruses,
coronaviruses, and adenoviruses, have been implicated as causative
agents for enteric disease because they have been isolated from or
identified in the intestines and intestinal contents of affected poultry
flocks (1,2,3,6,9,15,23,26,39,41). However, astroviruses and rota-
viruses have also been detected in specimens from “normal” turkey
flocks (39), making disease association difficult to determine. To our
knowledge, no information has been reported on enteric viruses in
normal/healthy chicken flocks.

Historically, electron microscopy (EM), immunofluorescence
assays (IFAs), and genome electropherotyping have been used to
detect and identify enteric viruses, or serology has been used to
evaluate exposure to enteric viruses (8,13,17,28,29,30,32,
38,41,49,50). Recently, molecular methods, which have become
routine in most diagnostic laboratories, have been developed for
many avian enteric viruses, and they offer a more sensitive and
specific  alternative for virus detection and identification
(6,10,16,22,46,48). Molecular methods for detecting enteric viruses
offer several additional advantages over traditional methods:
detection of multiple viruses in one sample, no need for virus
propagation, the ability to test a large number of samples quickly,
and reduced cost of the assays.

To understand and control enteric disease in poultry, more
information on the prevalence and epidemiology of enteric viruses is
essential and periodic surveys are necessary to develop valuable long-
term data. The objective of this study was to determine, by the use of
molecular tests, the prevalence of the following enteric viruses in
commercial poultry in the United States: astroviruses, rotaviruses,
reoviruses, coronavirus, and both group 1 and group 2 adenoviruses.
To accomplish this, a survey of enteric viruses was conducted on
commercial chicken and turkey operations throughout the United
States. Phylogenetic analysis of the viruses detected in this study was
also performed to characterize these viruses and provide epidemi-
ological information.

MATERIALS AND METHODS

Survey design and sample collection. Commercial chicken and
turkey integrators throughout the United States were contacted about
voluntary participation in a survey using polymerase chain reaction
(PCR)-based methods to evaluate the presence of enteric viruses in
poultry regardless of the history of enteric disease within their company.
All companies that were contacted agreed to participate, and instructions
were provided in an attempt to standardize sample collection. The
survey was conducted between September 2005 and July 2006.

Intestinal contents were collected from turkey and chicken flocks
from different regions of the United States (Table 1). Samples consisted
of pooled intestines from three birds per house from each of a total 43
chicken and 33 turkey farms. Sixty of the samples were from chicken or
turkey flocks less than 2 wk of age; eight samples were collected from
turkeys between 2 and 6 wk of age (Table 2). Information on flock
condition or performance was not provided for all samples. All samples
were preserved at 4 C or —70 C undl shipment on wet-ice (by
overnight courier) to Southeast Poultry Research Laboratory (SEPRL,
USDA, Athens, GA), where samples were processed within 24 hr of
receipt.

RNA extraction. Two hundred microliters of intestinal contents was
diluted in 1.2 ml of phosphate-buffered saline, homogenized with sterile
glass beads in a Fast-prep homogenizer (Thermo Electron Corporation,
Waltham, MA), and centrifuged for 10 min at 800 X g Total RNA was
extracted directly from 250 pl of the supernatant using TRIzol LS
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Table 1. State and species of origin of samples examined in this
study. Samples consisted of pooled intestines from three birds from a
house from each of the 76 farms.

No. of flocks
State of origin Chicken Turkey
North Carolina 4 4
California 7 2
Missouri 4 15
Arkansas 10 0
Georgia 14 0
Delaware 4 0
Minnesota 0 8
‘Wisconsin 0 4
Total 43 33

reagent (Invitrogen, Carlsbad, CA) according to the manufacturers’
instructions. RNA extracted from the intestinal contents of specific-
pathogen-free chickens and turkeys raised at SEPRL was used as negative
controls for all molecular tests.

DNA extraction. DNA was purified from samples using Triss-EDTA
saturated phenol:chloroform (1:1). Briefly, 250 pl of the intestinal
homogenate described under the RNA extraction methods was mixed
with 250 pl of phenol:chloroform (1:1), vortexed for 10 sec, and
centrifuged at 14,000 X g for 3 min. The aqueous phase was removed to
a fresh tube. An equal volume of chloroform was added, vortexed, and
centrifuged at 14,000 X g for 3 min. The aqueous phase was removed to
a fresh tube, and 2.5-3 volumes of 95% ethanol/0.12 M sodium acetate
was added, mixed by inversion, incubated on ice for a minimum of
10 min, and centrifuged at 14,000 X ¢ for 15 min, at 4 C. The
supernatant was decanted; 80% ethanol added, corresponding to 2
volumes of the original sample; and then samples were incubated at
room temperature for 10 min. Samples were then centrifuged at 14,000
X g for 5 min. The supernatant was decanted, and the pellet was dried
in a speed-vac (Thermo Electron Corporation) for 10 min at 37 C.
Purified DNA was hydrated with 100 pl of nuclease-free water and
stored long term at —70 C.

Multiplex reverse-transcriptase (RT)-polymerase chain reaction
test for astroviruses. During the first phase of this study, astroviruses
were detected by an RT-PCR reported by Tang ez al. (48), that is
directed to the polymerase gene (Table 3). Based on sequence data
obtained from this and other studies, a multiplex RT-PCR test targeting
the polymerase gene (ORF-1b), which can distinguish between the four
types avian astrovirus, was designed (10). Briefly, the test has two
versions: one version for turkey samples, which differentiates between
turkey astrovirus (TAstV)-1, TAstV-2, and avian nephritis virus (ANV);
and one version for chicken samples, which differentiates between
chicken astrovirus (CAstV) and ANV (Table 3). RNA from astroviruses
from the SEPRL repository was used as positive controls for the RT-
PCR tests for avian astroviruses. All samples that were initially run on
the first RT-PCR test (48) were re-run on the new test (10) for
consistency of testing.

RT-PCR for avian reoviruses. Samples from chickens and turkeys
were tested using conventional RT-PCR, instead of real-time RT-PCR,
so that the identity of the amplicons could be confirmed by sequencing.
Several primers designed to amplify different reovirus gene segments
were tested, and a test that targets the S4 gene segment was chosen
because it detected the most diverse lineages of avian reoviruses
(Spackman, unpublished data). The S4 test targets a 1120-nucleotide
(nt)-long region of the S4 gene (Table 3). The OneStep RT-PCR kit
(QIAGEN, Valencia, CA) was used with a 25-ul reaction as follows: 1 ul
of kit-supplied enzyme, 320 uM each dNTP, 0.2 uM of each primer,
and 5 ul of kit-supplied reaction buffer. Thermal cycling conditions
were one cycle of 50 C for 30 min, 94 C for 15 min, and then 35 cycles
of 94 C for 30 sec, 53 C for 1 min, and 72 C for 1 min. RNA from
two reference isolates, S1133 and NC/98, was used for the positive
controls.
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Table 2. Enteric virus detection in commercial chicken and turkey flocks by age.
Age (wk-days) Astrovirus Coronavirus Rotavirus Reovirus
Chickens
Hatch to 1-0 12/14* 12/14 8/14 10/14
1-1 to 2-0 22/24 16/24 9/24 14/24
2-1 to 3-0 1/1 1/1 1/1 1/1
Unknown 2/2 2/2 2/2 2/2
Turkeys
Hatch to 1-0 2/2 0/2 1/2 0/2
1-1 to 2-0 21/21 0/21 18/21 8/21
2-1 to 3-0 4/4 0/4 1/4 4/4
3-1 to 4-0 3/3 0/3 2/3 2/3
4-1 t0 5-0 NAP NA NA NA
5-1 to 6-0 1/1 0/1 0/1 1/1
Unknown 2/2 0/2 2/2 0/2

ANumber positive/total tested.
BNA = not applicable, no flocks in this age range were included.

RT-PCR for avian rotaviruses. A 630-nt-long region of the NSP4
gene of rotaviruses was amplified with the NSP4 F30 and NSP4 R660
(Table 3) primers that have been reported previously (10). RT-PCR was
performed using the OneStep RT-PCR kit (QIAGEN). Each 25-ul
reaction contained 1X QIAGEN reaction buffer, 320 uM each dNTP,
0.2 uM each primer, 1 ul of QIAGEN enzyme blend, and 2.5 ul of
extracted RNA. Thermal cycling conditions were as follows: 1 cycle of
50 C for 30 min, one cycle of 94 C for 30 min, followed by 35 cycles of
94 C for 30 sec, 55 C for 30 sec, and 72 C for 1 min. RNA from avian
rotaviruses from the SEPRL repository were used as controls for the RT-
PCR tests for rotavirus.

Real-time RT-PCR for coronavirus. The real-time RT-PCR test for
avian coronaviruses used for this survey was conducted as reported
previously (46) (Table 3), with the exception that it was run as a singlet
test (the TAstV-2 primers reported in the initial test were excluded). A
turkey coronavirus from the SEPRL repository was used as positive
control. This test detects both turkey coronavirus and infectious
bronchitis virus (IBV), but it does not detect bovine coronavirus. In
addition, the previously reported real-time RT-PCR test for IBV was
conducted as described previously (5) (Table 3).

PCR for avian adenoviruses. PCR tests that were described
previously were used for the detection of group 1 adenoviruses (fowl
adenovirus) (16) and group 2 adenoviruses (hemorrhagic enteritis virus)
(47) (Table 3). Reactions were run in a 25-pl volume with 50 ng of total
DNA as determined by UV spectroscopy, and with the Platinum PCR
SuperMix High Fidelity kit (QIAGEN). Group 1 and group 2 avian
adenovirus isolates from the SEPRL repository were used as positive
controls.

Analysis of RT-PCR and PCR products. PCR and RT-PCR
reactions were analyzed by agarose gel electrophoresis. Amplicons of the
correct size were gel-extracted with the QIAquick gel extraction kit
(QIAGEN) and prepared for sequencing as described under Sequencing.

Sequencing. Positive samples were sequenced to both confirm the
RT-PCR results and to perform phylogenetic analysis. Sequence analysis
was carried out with conventional RT-PCR products from the initial
detection assays for astrovirus, rotavirus, and reovirus. Coronavirus
sequencing template was obtained using previously described methods
and primers designated IBVLC5’ (5'-ACTGGCAATTTTTCAGA-3")
and IBVLC3' (5'-ACAGATTGCTTGCAACCAC-3') (18).

The gene fragments used for phylogenetic analysis were as follows: the
astrovirus ORF-1b from 4002 to 4425 (numbering based on the TAstV-
1 genome), the rotavirus NSP4 gene from 18 to 575 (numbering based
on Ty-3 NSP4 gene), and the reovirus S4 gene from 1 to 1000
(numbering based on the S1133 S$4 gene). For coronaviruses, a 383-base
pair product between nt 703 and 1086 relative to the start codon for the
S1 gene (Massachusetts 41 virus; GenBank accession no. X04722) was
amplified. The coronavirus amplified product includes the hypervariable
region sequences in spike gene that have previously been shown to
differentiate between IBV serotypes (19).

Direct sequencing was performed in both directions with the same
primers used in the RT-PCR reactions, using the BigDye terminator kit
(Applied Biosystems, Foster City, CA) run on an ABI 3730 sequencing
machine (Applied Biosystems).

Phylogenetic analysis. Sequence information was compiled with the
Seqman program (Lasergene 7.1; DNASTAR, Madison, W1), and the nt
and deduced amino acid (aa) sequences were aligned initially with the
MegAlign application of the same software package using the Clustal V
alignment algorithm. Phylogenetic analysis was performed with PAUP*
4.0b10 (D. Swofford, 1998, Sinauer Associates, Sunderland, MA) using
the maximum parsimony tree building method by heuristic search with
500 bootstrap replicates.

GenBank accession numbers. New sequence data used for the
phylogenetic analyses were submitted to GenBank with the following
accession numbers: rotavirus NSP4 gene, EU400300-EU400327; and
reovirus S4 gene, EU400274-EU400299. Coronavirus sequences were
identical to the Massachusetts 41 spike glycoprotein gene (GenBank
accession no. AY851295). Astrovirus ORF-1b sequence data has been
published (GenBank accession nos. DQ324814-DQ324836) (35).

RESULTS

Geography, flock age, and flock condition. Samples from a
total of 76 flocks (43 chicken and 33 turkey flocks) from eight U.S.
states with substantial commercial poultry production (Table 1)
were tested for avian astrovirus, coronavirus, rotavirus, reovirus, and
types 1 and 2 adenoviruses. The same types of viruses were identified
in flocks from all regions of the United States, and the majority of
specimens from both chicken and turkey flocks were collected from
flocks less than 2 wk old. Overall turkey and chicken flocks were
positive for astroviruses, rotaviruses, and reoviruses at all ages
examined (Table 2).

Flock condition and performance were reported for eight chicken
flocks (three “good,” four “bad,” and one “fair”) and one turkey
flock (“medium performers”). All of these flocks were positive for
astrovirus, and detection of none of the other viruses correlated with
reported flock condition; for example, one good and one bad
chicken flock were each positive for four viruses: astrovirus,
coronavirus, rotavirus, and reovirus.

Avian astroviruses. Avian astroviruses were detected in 86% of
the chicken flocks and 100% of the turkey flocks tested (Table 4).
Both ANV and CAstV were identified in chicken flocks, and TAstV-
1, TAstV-2, and ANV were each identified in turkey flocks.
Infection with multiple astroviruses was not uncommon; 38.8% of
the chicken flocks and 27.9% of the turkey flocks were infected with
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Table 4. Number of commercial chicken and turkey flocks infected with astrovirus, coronavirus, rotavirus, reovirus, and adenovirus type-1 or
type-2 infections in commercial chicken or turkey flocks as determined by RT-PCR.

Astrovirus Coronavirus Rotavirus Reovirus Adenovirus type T or II
Chickens 37/43" (86.0)" 29/43 (67.4) 20/43 (46.5) 27/43 (62.8) 0/43 (0)
Turkeys 33/33 (100) 0/33 (0) 23/33 (69.7) 15/33 (45.5) 0/33 (0)
Total 70/76 (92.1) 29176 (38.2) 43/76 (56.6) 42/76 (55.3) 0/76 (0)

ANumber positive/total tested.
BPercentage of positive flocks.

more than one type of astrovirus (Fig. 1). The astroviruses identified
in chickens were ANV, with 27 of the 34 samples positive and
CAstV with 21 of 34 samples positive. Fourteen of the 34 samples
were positive for both (Fig. 1). The astrovirus most frequently
identified in turkeys was TAstV-2, with 23 of the 32 samples
positive. TAstV-1 and ANV were identified less often (nine and four
of 32, respectively), and they were always found in combination with
TAstV-2 (Fig. 1).

Phylogenetic analysis was performed on most of the astrovirus-
positive samples and included nt and aa ORF1b sequences available
in GenBank. Part of these results have been published separately
(35). Briefly, the phylogenetic assortment of the nt sequences was
similar to that of the aa sequences indicating coding changes. The
astroviruses assorted into four groups based on the ORF1b: TAstV-
1-like, TAstV-2-like, ANV-1-like, and CAstV-like (35). There was
no geographic assortment.

Chickens

38.8%

@

ANV
m CAstV

/ O ANV+CAstV

4
19.4%
Turkeys
12.5%
m TAstV-2

B TAstV-2+TAstV-1
O TAstV-2+ TAstV-1+ ANV

Fig. 1.

concomitant infected detected in commercial chicken and turkey flocks.

Percentages of avian astrovirus types for single and

Avian reoviruses. Avian reoviruses were detected in 62.8% of the
chicken flocks and 45.5% of the turkey flocks tested (Table 4).
There were no flocks that were infected with only reovirus (Table 5).
Partial sequence of the avian reovirus S4 gene was used to determine
the phylogenetic relationships among reovirus isolates collected
during the survey. Sequence data of high enough quality for
phylogenetic analysis was obtained from 29 of the 42 specimens.
Data from the remaining 13 samples were either incomplete or not
of good quality (i.e., more than 100 bp were missing); therefore,
they were excluded from the final analysis.

Assortment of the reoviruses was primarily by species of origin
(chicken or turkey), and there was no geographic assortment of
isolates within the United States (Fig. 2). The S4 genes of turkey and
chicken reoviruses had between 73.6% and 77.6% identity, whereas
within genes from chicken isolates there was between 87.5% and
100% identity and between 89.9% and 100% among the turkey
isolates. The viruses from this study did assort separately from all
previously reported avian reovirus S4 sequence (20).

Avian rotaviruses. Avian rotavirus was identified in 46.5% and
69.7% of the chicken and turkey flocks, respectively (Table 4), and
there was one flock that was infected with only rotavirus (Table 5).
Phylogenetic analysis of the NSP4 gene sequence for 31 of the turkey
and chicken specimens revealed species-specific and geographic
assortment of the detected rotaviruses (Fig. 3). The turkey
rotaviruses generally assorted based upon geographical location into
groups representing North Carolina, the upper Midwest (Minnesota
and Wisconsin), and Missouri. As with the majority of the chicken
reoviruses, the chicken rotaviruses assorted separately from the
turkey rotaviruses, and they showed little variation in NSP4
sequence identity based upon geographical location (Fig. 3). The
sequence identities of the chicken-origin rotavirus NSP4 gene ranged
from 89.2% to 100%. The sequence identities of the turkey-origin
NSP4 gene ranged from 81.5% to 99.8%. The rotavirus sequence
identity between species was as low as 62.2% and as high as 73.5%.

Coronavirus. Coronavirus was detected in the intestinal contents
of 67.4% of chicken flocks and in none of the turkey flocks. BLAST
analysis (http://www.ncbi.nlm.nih.gov/blast/) of the sequence ob-
tained from coronavirus isolate 916 showed that the isolate was
identical to the Massachusetts 41 strain of IBV (GenBank accession
no. AY851295).

Adenovirus. No avian adenoviruses were detected in any of the

flocks tested (Table 4).

DISCUSSION

Although the types of viruses identified in this study are similar to
those reported in previous surveys of turkeys and chickens
(6,15,27,28,29,30,32,33,38,39,41,52), the prevalence of enteric
viruses in healthy turkey flocks demonstrated in this study was
much higher than reported previously. No studies on enteric viruses
in healthy chickens have been reported to our knowledge. The
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Table 5.

Adenoviruses were not detected in any samples.
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Patterns of concomitant infection with astrovirus, coronavirus, rotavirus, and reovirus in commercial chicken and turkey flocks.

No. of flocks (% of flocks)

Astrovirus Coronavirus Rotavirus Reovirus Chicken Turkey
+ + + + 12 (27.9) 0 (0)
+ + + - 3 (6.9) 0 (0)
+ + - - 4(9.3) 0 (0)
+ - - - 3 (6.9) 5 (15.1)
+ — + — 0 (0) 13 (39.4)
+ - - + 3 (6.9) 5 (15.1)
+ + - + 8 (18.6) 0 (0)
+ — + + 4 (9.3) 10 (30.3)
- + - - 2 (4.6) 0 (0)
- - + - 1(2.3) 0 (0)
- - - - 3 (6.9) 0 (0)

higher proportion of positive flocks identified here is probably
because the previous studies were conducted using EM and
electropherotyping as diagnostic methods, which are not as sensitive
or specific as the molecular techniques used in this study. The use of
molecular tools also permitted a more in-depth characterization of
the viruses by sequence analysis.

The four types of previously described avian astroviruses (TAstV-
1, TAstV-2, ANV, and CAstV) (35,36) were all identified in this
study. The most frequently identified astrovirus in turkeys was
TAstV-2, which has a high level of genetic variation, particularly in
the capsid gene (35). TAstV-1 was first isolated in 1985 (37,42) and
not been reported since, was identified in nine flocks. Additionally,
ANV, which is associated with a range of disease presentations from
growth depression and RSS to kidney lesions (chick nephropathy) in
young chickens (8,12,32,44,45), was identified in turkeys flocks for
the first time. The importance of TAstV-1 and ANV infection in
turkeys is still not known, and further characterization is needed.

ANV and CAstV were detected in chicken flocks, the former
more frequently detected than the latter. No studies on the
prevalence of these viruses in chicken flocks in the United States
have been reported previously; however, CAstV has been detected by
serology in broiler flocks in the United States, but no correlation
between the presence of antibody and uneven growth has been
demonstrated (3). ANV has been detected by RT-PCR in kidney
samples from young chickens with RSS in Hungary, and
phylogenetic analysis of these viruses indicated high diversity (21).
The significance of detecting ANV and CAstV in normal flocks is
currently unclear.

Reoviruses are known to be widely distributed in poultry (40),
and most if not all flocks will probably be exposed to some avian
reovirus at some point. In this report, intestinal contents were tested
in an attempt to target reoviruses with an enteric tract tropism. Also,
a new RT-PCR test directed to the S4 gene segment, which encodes
the oNS protein (43), was used. Although more work needs to be
done, based on the currently available avian reovirus sequence and
these field samples, this test seems to detect more avian reovirus
variants than previously reported tests directed to the S1 and S3
genes (46) and S2 gene (Spackman, unpublished data).

In this survey a substantial number of chicken and turkey flocks
were positive for reovirus. The viruses assorted by species origin and
none of the viruses identified here assorted with the avian reovirus
reference strains such as S1133 and others that were isolated in the
1970s, 1980s, and 1990s. It is possible that this assortment pattern is
due to sample bias, because there is no sequence data available for
isolates between 1993 and 2005. Alternatively, the assortment may

be due to some selection pressure; however, the function of the GNS
protein is not known, although it is believed to have a role in virus
packaging (4); therefore, it is difficult to speculate.

Rotaviruses from groups A, D, F, and G have been detected in
broiler flocks based upon electropherotype analysis and serology
(11,31,33) and group D avian rotaviruses, also referred to as
rotavirus-like viruses, have been the most frequently reported
rotaviruses in poultry (26,38,49). In a previous study using the
same RT-PCR test for the NSP4 gene as used in this study,
rotaviruses of four genotypes were detected in samples from
commercial turkeys from hatch up to 12 wk of age (34). However,
it is not known whether avian rotaviruses of the different serotypes
or groups are present in these samples, because NSP4 is not a group-
specific gene, and a reliable method for genetic typing of avian
rotaviruses has not been established.

In the present study, phylogenetic analysis showed that the
chicken-origin rotaviruses grouped with a previously reported
chicken rotavirus for which NSP4 sequence data is available, Ch-1
from the United Kingdom (24). The turkey rotaviruses identified
here generally grouped based upon the geographical origin of the
samples, and the Minnesota and Wisconsin samples grouped with a
previously described United Kingdom isolate, Ty-3 (25), and a
Korean isolate, AvRv. Rotavirus was detected in chicken flocks
described in the field as both good and bad performers with respect
to enteric disease signs; this could be explained by the circulation of
more than one avian rotavirus pathotype in poultry in the United
States, in addition to the observed infections with more than one
enteric virus. Additionally, age at exposure may be important for
disease severity, because it has been established that in general older
turkeys and chickens are more susceptible to rotavirus infection than
younger birds (51). However, group D rotavirus infection has
recently been implicated as a contributing factor in the development
of RSS in 5- to 14-day-old broilers in Germany (33).

The coronaviruses detected in chicken samples was identical to the
Massachusetts 41 strain (GenBank accession no. AY851295) and
matches the aa sequence for the Mass 41 vaccine strain (Pantin-
Jackwood, unpublished data). It has been reported that IBV vaccine
viruses can persist in internal organs and be shed in nasal secretions
and feces for up to 163 days (7). Not detecting turkey coronavirus in
any turkey flocks is not unexpected, because it has been strongly
associated with enteric disease, and it is relatively easy to diagnose
and eradicate; so, it is rarely found in healthy turkeys.

Both types 1 and 2 adenoviruses are considered to be widely
distributed in poultry (9,13,23), and not finding either was
somewhat unexpected. Although it is possible that the flocks are
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Fig. 2. Unrooted phylogenetic tree of avian reovirus S4 nt sequence from selected representative isolates and reference isolates. The tree was

constructed with PAUP* 4.0b10 (Sinauer Associates, Sunderland, MA) using maximum parsimony, heuristic search, and 500 bootstrap replicates
(bootstrap values are shown on tree). SEPRL isolate nomenclature is as follows: species of origin/state of origin/SEPRL accession number/year of
isolation. The country of origin and year of isolation are in parentheses for reference isolates. Clades are labeled according to Liu ez al. (20). CK =

chicken; TK = turkey.
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Unrooted phylogenetic tree of avian rotavirus NSP4 nt sequence from selected representative isolates and reference isolates. The tree was

constructed with PAUP* 4.0b10 (Sinauer Associates, Sunderland, MA) using maximum parsimony, heuristic search, and 500 bootstrap replicates
(bootstrap values are shown on tree). Isolate nomenclature is as follows: state of origin/species of origin/case number/year of isolation.

all negative, another possible explanation is that the viruses in the
field are variants, which are not detected by the PCR tests used.
Geographic origin, flock age, and flock condition were all
considered in respect to the results. Specimens were collected from
several important poultry-producing areas of the United States, and
viruses of the same families were detected in flocks from all regions
tested. Phylogenetically, none of the viruses assorted only by region,

with the exception of rotaviruses from turkeys, indicating that the
viruses are widely distributed and that regional differences in enteric
disease are probably due to other factors. However, unidentified viral
pathotypic variants within a family cannot be ruled out. Although
astroviruses, reoviruses, and rotaviruses could be detected at all the
ages tested for both turkey and chicken flocks, no conclusions can be
drawn about age association, because the majority of specimens from
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both chicken and turkey flocks were collected from flocks less than
2 wk old. It has been reported previously that astroviruses and
rotaviruses were found to be present in turkey flocks through the life
of the flock (12 wk of age; light hens) (34), indicating that enteric
viruses are probably persistent in the flock or the environment
through grow-out. Although conclusions cannot be drawn from
reported flock condition or performance because of the subjective
nature of the criteria and because of limited data, it is interesting to
note that both a good flock and a bad flock could be infected with
four of the same viruses. This reinforces why epidemiologic data has
not been very successful in identifying viral agents that cause enteric
disease in poultry.

Conclusions that may be drawn from this survey are largely in
agreement with previous studies where EM or IFA were used.
However, by using molecular techniques more infected flocks were
identified, and the identity of the viruses could be confirmed and
further characterized through sequencing. All of the viruses targeted
here seem to be widely disseminated and endemic within the United
States, and concomitant infection of flocks with two or more enteric
viruses is common (86.0% of the chicken flocks and 84.8% of the
turkey flocks).

Finally, it should be noted that as with other studies, the
information presented here is only as good as the test used. Novel
viruses and possibly variants of the viruses targeted here could be
overlooked. Furthermore, these viruses, which have historically been
identified as enteric viruses, are so widely distributed that the
diagnostic value of identifying one of these viruses in a flock is
limited (turkey coronavirus being the possible exception). Further
work will focus on identifying specific viral factors or subtypes/
subgroups associated with disease through pathogenesis studies.

REFERENCES

1. Barnes, H. J., and ]. S. Guy. Poult enteritis-mortality syndrome. In:
Diseases of poultry, 11th ed. Y. M. Saif, ed. Towa State University Press,
Ames, IA. pp. 1171-1180. 2003.

2. Barnes, H. J., J. S. Guy, and J. P. Vaillancourt. Poult enteritis
complex. Rev. Sci. Tech. 19:565-588. 2000.

3. Baxendale, W., and T. Mebatsion. The isolation and characterisation
of astroviruses from chickens. Avian Pathol. 33:364-370. 2004.

4. Benavente, J., and J. Martinez-Costas. Avian reovirus: structure and
biology. Virus Res. 123:105-119. 2007.

5. Callison, S. A., D. A. Hilg, T. O. Boynton, B. F. Sample, R. Robison,
D. E. Swayne, and M. W. Jackwood. Development and evaluation of a real-
time Tagman RT-PCR assay for the detection of infectious bronchitis virus
from infected chickens. J. Virol. Methods 138:60-65. 2006.

6. Catroli, G., A. Toffan, C. De Battisti, A. Salviato, C. Terregino, and
I. Capua. Astroviruses found in the intestinal contents of guinea fowl
suffering from enteritis. Vet. Rec. 156:220. 2005.

7. Cavanagh, D., and S. A. Nagi. Infectious bronchitis. In: Diseases of
poultry, 11th ed. Y. M. Saif, ed. Iowa State University Press, Ames, IA.
pp. 101-119. 2003.

8. Connor, T. J., F. McNeilly, J. B. McFerran, and M. S. McNulty. A
survey of avian sera from Northern Ireland for antibody to avian nephritis
virus. Avian Pathol. 16:15-20. 1987.

9. Cowen, B., G. B. Mitchell, and B. W. Calnek. An adenovirus survey
of poultry flocks during the growing and laying periods. Avian Dis.
22:115-121. 1978.

10. Day, J. M., E. Spackman, and M. J. Pantin-Jackwood. A multiplex
RT-PCR test for the differential identification of turkey astrovirus type-1,
turkey astrovirus type-2, chicken astrovirus, avian nephritis virus and avian
rotavirus. Avian Dis. 51:681-684. 2007.

11. Elschner, M., H. Hotzel, J. Reetz, R. Diller, and P. Otto. Isolation,
identification and characterization of group a rotavirus from a chicken: the
inner capsid protein sequence shows only a distant phylogenetic relationship

243

to most other avian group a rotaviruses. J. Vet. Med. Ser. B 52:211-213.
2005.

12. Frazier, J. A., K. Howes, R. L. Reece, A. W. Kidd, and D. Cavanagh.
Isolation of noncytopathic viruses implicated in the aetiology of nephritis
and baby chick nephropathy and serologically related to avian nephritis
virus. Avian Pathol. 19:139-160. 1990.

13. Grimes, T. M., D. H. Culver, and D. J. King. Virus-neutralizing
antibody titers against 8 avian adenovirus serotypes in breeder hens in
Georgia by a microneutralization procedure. Avian Dis. 21:220-229. 1977.

14. Guy, J. S. Virus infections of the gastrointestinal tract of poultry.
Poult. Sci. 77:1166-1175. 1998.

15. Heggen-Peay, C. L., M. A. Qureshi, F. W. Edens, B. Sherry, P. S.
Wakenell, P. H. O’Connell, and K. A. Schat. Isolation of a reovirus from
poult enteritis and mortality syndrome and its pathogenicity in turkey
poults. Avian Dis. 46:32-47. 2002.

16. Hess, M., R. Raue, and H. M. Hafez. PCR for specific detection of
haemorrhagic enteritis virus of turkeys, an avian adenovirus. J. Virol.
Methods 81:199-203. 1999.

17. Imada, T., S. Yamaguchi, N. Miura, and H. Kawamura. Antibody
survey against avian nephritis virus among chickens in Japan. Natl. Inst.
Anim. Health Q (Tokyo) 20:79-80. 1980.

18. Jackwood, M. W., D. A. Hilt, and S. A. Callison. Detection of
infectious bronchitis virus by real-time reverse transcriptase-polymerase
chain reaction and identification of a quasispecies in the Beaudette strain.
Avian Dis. 47:718-724. 2003.

19. Lee, C. W., D. A. Hilt, and M. W. Jackwood. Typing of field isolates
of infectious bronchitis virus based on the sequence of the hypervariable
region in the SI gene. J. Vet. Diagn. Invest. 15:344-348. 2003.

20. Liu, H. J., L. H. Lee, H. W. Hsu, L. C. Kuo, and M. H. Liao.
Molecular evolution of avian reovirus: evidence for genetic diversity and
reassortment of the S-class genome segments and multiple cocirculating
lineages. Virology 314:336-349. 2003.

21. Mandoki, M., T. Bakonyi, E. Ivanics, C. Nemes, M. Dobos-Kovacs,
and M. Rusvai. Phylogenetic diversity of avian nephritis virus in Hungarian
chicken flocks. Avian Pathol. 35:224-229. 2006.

22. Mandoki, M., M. Dobos-Kovacs, T. Bakonyi, and M. Rusvai.
Molecular diagnosis of avian nephritis: preliminary report. Acta Vet. Hung.
54:51-60. 2006.

23. McFerran, J. B. Adenovirus infections. In: Diseases of poultry, 11th
ed. Y. M. Saif, ed. Iowa State University Press, Ames, IA. pp. 213-251.
2003.

24. McNulty, M., G. Allan, D. Todd, and J. McFerran. Isolation and cell
culture propagation of rotaviruses from turkeys and chickens. Arch. Virol.
61:13-21. 1979.

25. McNulty, M., G. Allan, D. Todd, J. McFerran, E. McKillop, D.
Collins, and R. McCracken. Isolation of rotaviruses from turkeys and
chickens: demonstration of distinct serotypes and RNA electropherotypes.
Avian Pathol. 9:363-375. 1980.

26. McNulty, M. S. Rotavirus infections. In: Diseases of poultry, 11th ed.
Y. M. Saif, ed. Towa State University Press, Ames, IA. pp. 308-320. 2003.

27. McNulty, M. S., G. M. Allan, and J. C. Stuart. Rotavirus infection in
avian species. Vet. Rec. 103:319-320. 1978.

28. McNulty, M. S., G. M. Allan, D. Todd, J. B. McFerran, E. R.
McKillop, D. S. Collins, and R. M. McCracken. Isolation of rotaviruses
from turkeys and chickens: demonstration of distinct serotypes and RNA
electropherotypes. Avian Pathol. 9:363-375. 1980.

29. McNulty, M. S., T. J. Connor, and F. McNeilly. A survey of specific
pathogen-free chicken flocks for antibodies to chicken anemia agent, avian
nephritis virus and group A rotavirus. Avian Pathol. 18:215-220. 1989.

30. McNulty, M. S., W. L. Curran, and ]. B. McFerran. Detection of
astroviruses in turkey faeces by direct electron microscopy. Vet. Rec.
106:561. 1980.

31. McNulty, M. S, D. Todd, G. M. Allan, J. B. McFerran, and J. A.
Greene. Epidemiology of rotavirus infection in broiler chickens: recognition
of four serogroups. Arch. Virol. 81:113-121. 1984.

32. Nicholas, R. A. J., R. D. Goddard, and P. R. Luff. Prevalence of avian
nephritis virus in England. Vet. Rec. 123:398. 1988.

33. Otto, P., E. M. Liebler-Tenorio, M. Elschner, J. Reetz, U. Lohren,
and R. Diller. Detection of rotaviruses and intestinal lesions in broiler chicks



244

from flocks with runting and stunting syndrome (RSS). Avian Dis.
50:411-418. 2006.

34. Pantin-Jackwood, M. J., E. Spackman, and J. M. Day. Periodic
monitoring of commercial turkeys for enteric viruses indicates continuous
presence of astrovirus and rotavirus on the farms. Avian Dis. 51:674—680.
2007.

35. Pantin-Jackwood, M. J., E. Spackman, and P. R. Woolcock.
Molecular characterization and typing of chicken and turkey astroviruses
circulating in the United States: implications for diagnostics. Avian Dis.
50:397-404. 2006.

36. Pantin-Jackwood, M. J., E. Spackman, and P. R. Woolcock.
Phylogenetic analysis of turkey astroviruses reveals evidence of recombina-
tion. Virus Genes 32:187-192. 20006.

37. Reynolds, D. L., and Y. M. Saif. Astrovirus: a cause of an enteric
disease in turkey poults. Avian Dis. 30:728-735. 1986.

38. Reynolds, D. L., Y. M. Saif, and K. W. Theil. Enteric viral infections
of turkey poults: incidence of infection. Avian Dis. 31:272-276. 1987.

39. Reynolds, D. L., Y. M. Saif, and K. W. Theil. A survey of enteric
viruses of turkey poults. Avian Dis. 31:89-98. 1987.

40. Rosenberger, J. K. Reovirus infections. In: Diseases of poultry, 11th ed.
Y. M. Saif, ed. Iowa State University Press, Ames, IA. pp. 283-298. 2003.

41. Saif, L. J., Y. M. Saif, and K. W. Theil. Enteric viruses in diarrheic
turkey poults. Avian Dis. 29:798-811. 1985.

42. Saif, Y. M., L. J. Saif, C. L. Hofacre, C. Hayhow, D. E. Swayne, and
R. N. Dearth. A small round virus associated with enteritis in turkey poults.
Avian Dis. 34:762-764. 1990.

43. Schnitzer, T. J. Protein coding assignment of the S genes of the avian
reovirus S1133. Virology 141:167-170. 1985.

44. Shirai, J., H. Obata, K. Nakamura, K. Furuta, H. Hihara, and H.
Kawamura. Experimental infection in specific-pathogen-free chicks with
avian reovirus and avian nephritis virus isolated from broiler chicks showing
runting syndrome. Avian Dis. 34:295-303. 1990.

45. Shirai, J., N. Tanimura, K. Uramoto, M. Narita, K. Nakamura, and
H. Kawamura. Pathologically and serologically different avian nephritis virus

M. J. Pantin-Jackwood et al.

isolates implicated in etiology of baby chick nephropathy. Avian Dis.
36:369-377. 1992.

46. Spackman, E., D. Kapczynski, and H. Sellers. Multiplex real-time
reverse transcription-polymerase chain reaction for the detection of three
viruses associated with poult enteritis complex: turkey astrovirus, turkey
coronavirus, and turkey reovirus. Avian Dis. 49:86-91. 2005.

47. Suresh, M., and J. M. Sharma. Pathogenesis of type II avian
adenovirus infection in turkeys: in vivo immune cell tropism and tissue
distribution of the virus. J. Virol. 70:30-36. 1996.

48. Tang, Y., M. M. Ismail, and Y. M. Saif. Development of antigen-
capture enzyme-linked immunosorbent assay and RT-PCR for detection of
turkey astroviruses. Avian Dis. 49:182-188. 2005.

49. Theil, K. W., D. L. Reynolds, and Y. M. Saif. Genomic variation
among avian rotavirus-like viruses detected by polyacrylamide gel electro-
phoresis. Avian Dis. 30:829-834. 1986.

50. Theil, K. W., and Y. M. Saif. Age-related infections with rotavirus,
rotaviruslike virus, and atypical rotavirus in turkey flocks. J. Clin. Microbiol.
25:333-337. 1987.

51. Yason, C. V., and K. A. Schat. Pathogenesis of rotavirus infection in
various age groups of chickens and turkeys: clinical signs and virology. Am.
J. Vet. Res. 48:977-983. 1987.

52. Yu, M., M. M. Ismail, M. A. Qureshi, R. N. Dearth, H. J. Barnes,
and Y. M. Saif. Viral agents associated with poult enteritis and mortality
syndrome: the role of a small round virus and a turkey coronavirus. Avian
Dis. 44:297-304. 2000.

ACKNOWLEDGMENTS

We gratefully acknowledge industry partners who made this work
possible. We also thank Diane Smith, Scott Lee, Rebecca Hammer,
Chris Stephens, Debbie Hilt, and the SAA sequencing facility for
technical assistance with this work. The work was supported by USDA/
ARS CRIS project 6612-32000-020.



